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@ Plasma enhancement apparatus and method for physical vapor deposition. 

@ The present invention provides a plasma enh- ^ 
ancement method and apparatus for electric 
ere vapor deposition. The plasma enhancement 
apparatus (50) is positioned to act upon plasma 
generated from a plasma source (15) t>efbre tiie 
plasma reaches a substrate (26) to be coated by 
the plasma. The plasma enhancement ap- 
paratus includes a magnet disposed about a 
magnet axis and defining a first aperture, and a 
core member disposed about a core member 
axis and at least partially nested witiiin the first 
apertura The core member defines a second 
aperture, and the plasma enhancement ap- 
paratus is arranged and configurBd in such a 
manner that the evaporated cattiode source 
material passes from the cathode source and 
tiirough tlie second aperture toward the sub- 
strate to be coated by the evaporated cattiode 
source material. The plasma is favorably con- 
ditioned as It passes through the plasma enh- 
ancement apparatus. 
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Field of the Invention 

This invention relates generally to a vapor deposition apparatus, and more particulariy, to a plasma en- 
hancenrtent apparatus, or "plasma guide." for physical vapor deposition. 

5 

Cross Reference to Related Patents 

To the extent that the disclosures of United States Patent No. 3,625,848 to Snaper, United States Patent 
No. 3,793,179 to Sabtev, et al., United States Patent No. 4,448,799 to Bergman, et al.. and United States Patent 
10 No. 4,485.759 to Brandolf are relevant to understand the principles of this Invention, they are herein incorpo- 
rated by reference. 

Background off the Invention 

15 General 

A number of disciplines have been developed over the years in the vapor deposition art for applying or 
depositing a coating layer on a substrate surfece within a vapor deposition chamber. Certain fundamental proc- 
ess steps are the same for all of the vapor deposition disciplines, although a large number of variations and 
20 techniques in implementing the process steps have been developed. Generally, the substrate to be coated is 
placed within a deposition chamber, which is typically evacuated or pressurized to a desired pressure. The coat- 
ing material to be deposited on the substrate is generated within or Introduced into the chamber, and assumes 
the form of a p\asma that includes gaseous vapors and solid particulate nratter. The plasma may include atoms, 
molecules, ions, andagglomeratesof moleculesofthecoatingmaterial.aswellasthoseof anydesiredreactant 
29 agents and any undesired impurities. The coating or deposition process Itself occurs by condensation of the 
plasma coating particles onto the substrate surface(s) to be coated. 

Vapor deposition coating processes are generally categorized into 'chemical" and "physical" vapor depos- 
ition disciplines. Both generally incorporate a deposition or coating chamber in which a "plasma" of the coating 
material is pnsduced and projected toward a substrate to be coated. The uses of the coatings applied to sub- 
so strates, and the shapes and materials of the substrates can vary widely, from decorative coatings on ceramic 
or pottery materials, to circuit interconnection wiring paths on tiie surfaces of semi-conductor chips, to wear- 
resistant coatings on cutting tool and bearing surfaces. SimQarly, the physical nature and properties of the coat- 
ing materials vary widely, from conductive coatings, to semlconductive coatings, to ttiose forming elecb-ical In- 
sulators. 

35 

Chemical Vapor Deposition 

Chemical vapor deposition generally refers to tiiat vapor deposition process wherein reacth^e gaseous ele- 
ments are Introduced into a deposition chamber and react to fonm gaseous compounds that comprise the coat- 
40 ing plasma. The deposition chamber may be evacuated prior to a deposition "mn" to purge the chamber of inn- 
purities, but in general, chemical vapor deposition is performed at atmospheric or at positive (above atmos- 
pheric) pressure levels. Also typical of chemical vapor deposition techniques is the fact tiiat the plasma particles 
do not generally follow straight-line or line-of-sight patiis from ttie reactive sources to ttie substrates. 

46 Physical Vapor Deposition 

In contrast, physical vapor deposition processes generally require evacuation of the deposition chamber 
prior to, and maintenance of a negative pressure level during, tiie deposition coating process. At least a portion 
of the coating material to be deposited is generally present In the deposition chamber in non-gaseous fonfn. 

50 Prior to evacuation of the chamber, ttie typically solid sacrificial source material is acted upon by an energy 
stimulus tiiat converts the solid source material into a vaporous plasma of coating material. Once converted 
into a plasma, a coating source material may be combined with reactive gases or other elements within the 
chamber to fbnm coating compounds and molecules prior to actual depositton thereof onto substrate(s). The 
coating plasma typically includes atoms, molecules, ions, ionized molecules, and agglomerates of molecules. 

55 The deposition process can be enhanced by creating ionic attraction between ttie plasma particles and the sub- 
strate surface(s). 

There are a number of different physical vapor deposition techniques, which are distinguished by the man- 
ner in which ttie source material is vaporized. The most conrunonly used physical vapor deposition techniques 
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for converting the solid coating source material into a gaseousA^apor plasma are: (a) resistance or induction 
heating; (2) electron beam or ion bombardment; and (3) electric arc. 

With resistance and induction heating techniques, the coating source material is brought to its melting point 
by an external heat source or by passing high electric cun^nt levels through the coating source material. The 
source material, or a portion thereof, first melts to a molten liquid state, and then vaporizes to a gaseous state 
to form the coating plasma. This technique has been used for depositing thin film circuit patterns on hybrid drcuit 
substrates, and for depositing nr)etalization interconnection patterns and layers on semi-conductor chip surfac- 
es. 

With electron beam and Ion bombardment techniques, a molten pool of coating source material is created 
by bombarding the solid coating source material with a high-energy beam of electrons and/or ions, in such art 
the solid source material is typically referred to as a 'target", toward which the electrons and/or ions are accel- 
erated. The bombarding electrons and/or ions impart sufficient kinetic energy to the target source coating ma- 
terial, causing atoms, ions, molecules, ionized molecules, and agglomerates of molecules to leave the target 
source material in the form of a coating plasma. This physical vapor deposition method, while more practical 
than the resistance or inductive heating method for coating larger woric pieces such as cutting tools, is costly 
due to the expensive equipment required for generating and directing the electron and/or ion beam toward the 
target area. The energy level of coating plasma particles generated by the two physical vapor deposition tech- 
niques described above is relatively low. 

Physical Deposition by Electric Arc 

The present invention relates to the third listed physical vapor deposition technique 0.e.. to ttiat of electric 
arc, also referred to as catiiodic arc vapor deposition). Various known electric arc vapor deposition techniques 
are disclosed in U.S. Patent No. 3,625.848 to Snaper and U.S. Patent No. 3.793, 179 to Sablev.etal. U.S. Patent 
No. 4,448,799 to Bergman, et al., and U.S. Patent No. 4,485,759 to Brandolf. 

In electric arc physical vapor deposition, an electric arc is struck and maintained between the coating 
source material, which is typically electrically biased to serve as a cathode, and an anode ttiat is spaced apart 
from the catiiode. An arc-initiating trigger element is positioned proximate ttie catiiode source and is positively 
biased with respect to ttie cathode. The trigger element is momentarily allowed to engage the surfece of the 
cathode material, establishing a cun-entflow patti though the trigger and cattiode. As the trigger element is re- 
moved from engagement with the cathode source, an electrical arc is stnjck, which arc is tiiereafler maintained 
between the cathode and the anode electrodes of ttie chamber. The electric arc carries high electric current 
levels, typically ranging from 30 to several hundred amperes, and provides energy for vaporizing the coating 
source material. The arc tenminus is visible on the surface of ttie cattiode. where the arc "touches" ttie cathode, 
and is typically referred to as a "cathode spot". One or more of such cathode spots may exist on the cathode 
surface atone time, depending upon the cun'ent present In the arc. The cattiode spot(s) randomly move across 
ttie surface of ttie source material, instantaneously vaporizing ttie coattng source material into a coating plasma. 
The plasma typically contains atoms, nnolecules, ions, and agglomerates of molecules, and generally, botti lon- 
ically charged and neutral particles. Plasma particles created by an electric arc generally leave ttie solid source 
material at significantiy higher energy levels than those created by the other physical vapor deposition techni- 
ques. The electric arc technique has been found to be particulariy attractive for commercial coating applications, 
particulariy to ttie economical fbmiation of wear-resistant coatings on surfaces of cutting tools, bearings, gears, 
and the like. 

One type of coating source material that is often used for ttie cathode of electric arc vapor deposition ma- 
chines is titanium (Ti). When a titanium source material is used, a reactive gas such as nitrogen (N) is often 
introduced into the deposition chamber during the vaporization of the titanium source. The nitrogen gas reacts 
with the titanium, and ttie coating plasma within the chamber comprises Ti, N2 and TIN. TIN forms a gold-colored 
coating that has been found to be a very durable coating for cutting tools and the like. 

Another desirable cathode material is graphite, which produces carbon (0) plasma ttiat fonms a diamond- 
like coating when deposited. Chemical vapor deposition techniques are available for fonming such diamond- 
like coatings, but ttie amount of hydrogen (H) present in the system must be carefully controlled in order to 
eliminate or minimize the formation of undesirable hydrocarbons in the structure of ttie coating film. By using 
electric arc vapor deposition, ttie system could be evacuated and made substantially hydrogen-firee. and then 
a controlled partial pressure of hydrogen could be injected into ttie system. However. It is relatively difficult to 
form homogeneous, smooth carbon coatings by electric arc physical vapor deposition techniques, because the 
arc tends to remain in fixed spots on a graphite cattiode, dislodging undesirable, large pieces (macropartides) 
of the graphite cathode into ttie coating plasma. 

In afl deposition coating processes, it is desirable to form smootti. homogeneous fDms on ttie substrate 
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which are free of macropartides, which can otherwise degrade film properties. Attaining this goal with electric 
arc deposition is more difficult than with other types of physical vapor deposition, since it is difficult to control 
the high energy levels incident to use of an arc, and since the presence of the arc energy within the deposition 
chamber has oftentimes eliminated use of or minimized the effectiveness of apparatus and techniques avaOable 

5 to other physical vapor deposition methods. Attempts have been made to "shield" the macropartides. but any 
such shielding is relatively inefTicient because a portion of tiie coating material is lost to the shield, and furtiier, 
the shield must be periodically replaced as coating material accumulates on it 

Those skilled in ttie art are aware of the need to control movement of the arc or cathode 8pot(8) over the 
surface of Uie cathode source so as to maximize the efficiency of the cathode disintegration and ttie unifomiity 

10 of the plasma generated from the source. It has been recognized in tiie art that magnetic and electric fields 
can be used to help maintain the cathode spot(s) on tite desired evaporation surface(s) of tiie catiiodic source, 
and to control the movement pattern of the cathode spot(s) over the evaporation surface. It has also been rec- 
ognized in the physical vapor deposition art that electric and magnetic fields can be used to some advantage 
in helping (1 ) to direct the coating plasma, and particulariy an ionized plasma, toward tiie substrate to be coated; 

IS (2) to produce higher levels of vapor ionization; and (3) to increase the deposition rate. However, none of the 
prior art structures or metiiods has provided a single simple, efficient, and practical approach for using mag- 
netic-and electrical fields in a manner fliat simultaneously provides all of these features In an electric arc phys- 
ical deposition environment Further, none of the prior art attempts at solving such problems has provided the 
flexibOity to be readily applied to different cathode source materials requiring different deposition conditions, 

20 such as titanium and carbon. The present invention provides a simple yet effective way of simultaneously ad- 
dressing the above-described needs/problems and concerns of the electric arc physical vapor deposition art 

Summary of the Invention 

25 The present invention provides a plasma enhancement method and apparatus for electric arc vapor de- 
position. The plasma enhancement apparatus is positioned to act upon plasma generated from a plasma source 
before the plasma reaches a substrate to be coated by ttie plasma. The plasma enhancement apparatus In- 
dudes a magnet disposed about a magnet axis and defining a first aperture, and a core member disposed about 
a core member axis and at least partially nested within the first aperture. The core member defines a second 

so aperture, and tiie plasma enhancement apparatus is arranged and configured in such a manner that the evapo- 
rated cathode source material passes from the cathode source and through the second aperture toward the 
substrate to be coated by the evaporated cathode source material. The plasma Is favorably conditioned as It 
passes through the plasma enhancement apparatus. 

The present invention combines the use of electric and magnetic fields generated by plasma enhancement 

35 apparatus within and/or around tiie deposition chamber to directly control and influence tiie creation and flow 
of tiie coating plasma finom ttie source catiiode to the substrate. The prindples of this invention provide for (1) 
increased ion density at ttie cathode, yielding Increased thermionic emission; (2) stabilization of ttie arc on the 
cathode surface at relatively low arc currents; (3) the facilitation of evaporation of heretofore difflcuit materials 
such as carbon, refractory metals, and doped ceramics; and (4) the reduction of macroparticle emission from 

40 the cathode. Further, the present invention provides a metiiod of coating by electric arc vapor deposition a sub- 
strate witti a diamond-like film that is virtually free of hydrogen. 

This invention provkJes for creatton of a controllable plasma convergence zone intermediate the source 
and substrate which purifies the plasma stream of macropartides and Increases tonization energy in tiie plasma 
stream, yielding coating films of increased density, hardness, and better adhesion and enhancing synthesis 

45 reactions during reactive deposition. The present invention also enables greater flexibility in control over the 
shape and directk>n of ttie plasma stream which can be made to correspond more dosely to the desired de- 
position profile for the substrate. 

Brief Description of the Drawing 

so 

Referring to the Figures, wherein like numerals represent like parts throughout the several views: 
Figure 1 is a diagrammatic view of an electric arc deposition chamber, induding a plasma enhancement 
apparatus configured according to a preferred embodiment of the present invention; 
Figure 2 is an enlarged sectional view illustrating a first embodiment of the plasma enhancement apparatus 
55 of Figure 1 together with tiie immediately adjacent deposition chamber stnjcture; 

Figure 2a is a digrammatic view of the magnetic fields generated by a current passing through ttie magnet 
coil of ttie plasma enhancement apparatus of Figure 2; 

Figure 3 is a sectional view illustrating a second embodiment of ttie plasma enhancement apparatus of 
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Figure 1 together with the immediately adjacent deposition chamber structure; 

Figure 3a is a digrammatic view of the magnetic fields generated by a current passing through the magnet 

coil of the plasma enhancement apparatus of Figure 3; 

Figure 4 is an experimental results graph of substrate current as a function of voltage across the substrate 
5 for a variety of Gauss settings for the plasma enhancement apparatus shown in Figure 2; 

Figure 5a is an experimental results graph of intensity for the various nitrogen and titanium atoms and ions 
present in the deposition chamber as a function of magnetic field strength generated by use of the plasma 
enhancement apparatus shown in Figure 2; 

Figure 5b is an experimental results graph of intensity for the various nitrogen and titanium atoms and ions 
10 present in the deposition chamber employing the plasma enhancement apparatus shown in Figure 2, as 
a function of pressure within the deposition chamber, 

Figure 6 is an experimental results graph of surface roughness of a vapor deposited substrate film coating 
as a function of magnetic field strength generated by use of the plasma enhancement apparatus shown in 
Figure 2; 

IS Figure 7 Is an experimental results graph of substrate current as a function of voltage across the substrate 
for magnetic fields of 0 and 500 Gauss generated by use of the plasma enhancement apparatus shown in 
Figure 3; 

Figure 8 is an experimental results graph of substrate current as a function of magnetic field strength gen- 
erated by use of the plasma enhancement apparatus shown In Figure 3 for environments of hydrogen and 
20 argon; and 

Figure 9 is a top elevational view of the arc enhancenrient apparatus shown in Figure 2. 
Detailed Description of the Invention 
25 Vapor Deposition System 

Referring to the drawing, there Is generally illustrated in Figure 1 , a diagrammatic representation of an elec- 
tric arc vapor deposition system with which the present invention can be used. It is emphasized that Figure 1 
is only a diagrammatic representation of such a system, which generally schematically Illustrates those basic 

30 portions of an electric arc vacuum vapor deposition system that are relevant to a discussion of the present in- 
vention, and that such diagram Is by no means complete in detail. For a more detailed description of electric 
arc vapor deposition systems and various portions thereof, one may refer to United States Patents 3,793.179 
to Sablev, et al., 4.485,759 to Brandolf, 4,448.799 to Bergman, et al.. and 3,625.848 to Snaper. To the extent 
that such additional disclosure is necessary for an understanding of this Invention, the disclosures and teach- 

35 Ings of such patents are herein Incorporated by reference. 

Referring to Figure 1 , there is generally illustrated at 1 0 a vapor vacuum deposition chamber having a firet 
wall chamber portion 10a and a second wall chamber portion 10b appropriately connected together (by means 
not illustrated) to form an enclosed Inner cavity 1 1 that defines a deposition chamber in which substrates are 
to be coated. A vacuum pumping system, diagrammatlcally illustrated at 12. communicates with the Inner cavity 

40 1 1 by means of an outlet port 11a. and is operable to suitably evacuate the chamber, as is well known by those 
skilled in the part. Appropriate means for Inserting reactive or inert gases to the inner cavity 1 1 during various 
process steps of the deposition procedures are generally Illustrated at 13 and communicate with the inner cavity 
11 by means of an inlet port 1 1 b. Other general purpose inlet and outlet ports may be provided for opening into 
the inner cavity 11, but are not illustrated or described herein. 

45 A source of coating material 15. referred to in Figure 1 as the "Cathode," represents the origin of coating 
vapor or "plasma" for the vapor deposition coating process, and represents one electrode of an arc generating 
apparatus. In an electric arc vapor depositk>n system, such source of coating material generally represents a 
physical mass of coating material, such as titanium, in solid fonm. The physical shape of the source material 
can vary, for example, from cylindrical, to rectangular to irregular. The type of source material can also signif- 

50 icantly vary, firom conductive, to semiconductive, to insulative. In a preferred embodiment of the invention, the 
source material is titanium. The titanium source 1 5 is mounted in the deposition cavity 1 1 by appropriate mount- 
ing means, generally illustrated at 16 In Figure 1 , and typically has at least a portion thereof projecting outwardly 
through one of the chamber walls to the atmospheric environment. In the diagrammatic illustration of Figure 1 . 
the mounting means 16 is illustrated as projecting through the second chamber wall portton 10b. Due to the 

55 high electrical current levels passing through the cathode during electric arc vapor deposition processes, the 
cathode gets extremely hot, typically requiring extemal cooling. Such cooling Is typically provided by a water 
flow-through system, schematically illustrated at 17 in Figure 1 , which communicates with the cathode mounting 
apparatus 16 by means of a flow path 18. Appropriate vacuum seal and electrical isolation means, generally 
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Qlustrated at 19, are provided for maintaining the vacuum within the deposition cavity 1 1 and for electrically 
isolating the cathode source 15 from the deposition chamber wall portions 10a and 10b. 

A primary DC power supply, designated as "cathode power" in Figure 1, for generating and maintaining 
the electric arc energy of the system is Illustrated at 20. The negative tenminai of the power supply 20 is eleo- 
5 trically connected to the cathode 15 through the cathode nrraunting means 16 by means of a signal flow path 
21 . The positn^e terminal of the power supply 20 Is directly connected to ttie wall chamber portion 1 0a by means 
of a signal flow path 22. 

Those items to be coated within tiie chamber 1 1 are typically refen-ed to as substrates, and are generally 
illustrated at 26 in Figure 1. The substrates are appropriately mounted witiiin the chamber, and may also be 

10 electricatly biased, as diagrammatically illustrated by the substrate bias supply functional block 27 and the sig- 
nal flow path 28. The substrates 26 can also be heated by appropriate heating means (not illustrated). It will 
be understood that the relative spacings illustrated between components such as the cathode, anode and sub- 
strate(s) in Figure 1 are diagrammatic in nature and are not intended to be represented to scale or as they would 
actually appear relative to one another In an operative system. 

15 An arc-Initiating trigger assembly is diagrammatically Illustrated at 30. The trigger assembly 30 may be of 
any appropriate construction, such as for example the pneumatically operated trigger apparatus of U.S. Patent 
No. 4,448,799, or of any other configuration that Is operable to initiate an arc between the cathode 15 and the 
wall chamber portion 10a. Electrical power for initiating an arc on the cattiode surface 15a is provided to the 
trigger from the output terminal of the power supply 20, typically ttirough a resistor 32 and a signal flow patti 

20 33. The signal flow path 33 passes tiiiough ttie chamber wail 1 0b by means of an insulating seal member gen- 
erally designated at 34. When an arc-initiating wire member is positioned so as to engage the upper surface 
15a of the cathode 15, an electrical closed circuit is established from the positive output terminal of the power 
supply 20, tiirough the resistor 32, tiie signal flow path 33, ttie arc-initiating trigger wire 30a, through the cathode 
15 and cathode support structure 16 and back to the negative output tenminai of the power supply 20. When 

25 ttie trigger 30 operates so as to lift the wire member out of engagement wltii the upper surface 1 5a of the cathode 
source 15, the electrical circuit path between the wire and cathode suriiace 15a Is broken, causing an electrical 
arc to jump the gap therebetween and to Initiate an electric arc on the cathode surface 15a. In an evacuated 
chamber 11, upon initiation of the electric arc, the arc patii immediately extends between tiie cathode source 
15 and the anode portions of tiie chamber, and Is thereafter maintained by ttie power supply 20. It wQI be un- 

30 derstood that a number of variations of applying and supplying electrical current to trigger assemblies such as 
30 can be configured, as wilt be appreciated by those skilled in ttie art, and that the particular diagrammatic 
representation illustrated in Figure 1 is only conceptual in nature. 

As previously described herein, such electric arc pattis canry high electric current levels, typically In excess 
of 30 amperes. The high concentration of electric energy passing tiirough ttie arc(s), visible as Intensely bright 

35 spots on the cattiode surfece 1 5a, liberates cathode material to form a coating vapor or plasma, generally illu- 
strated at 40 in Figure 1 . Material liberated from the cathode surface generally travels outwardly from tiie cath- 
ode source surface 15a. The substrate 26 is appropriately mounted and/or biased so as to intercept the coating 
vapor 40, and tiie substrate 26 is coated thereby, in mannere well-known in the art. 

40 Plasma Enhancement Apparatus 

The present invention provides a plasma enhancement apparatus 50 (also generally referred to herein as 
a "plasma guide") positioned in the cavity 11 between the titanium catiiode 15 and the substiBte(s) 26. Those 
skilled In the art will recognize that the plasma enhancement apparatus 50 need not be placed entirely wittiln 

45 tiie cavity 1 1 , so long as the plasma guide 50 is positioned to act upon the plasma leaving the cathode. In this 
regard, ttie plasma enhancement apparatus itself may function as a part of the cavity enclosure. 

Referring to Figure 2, a preferred embodiment of the plasma enhancement apparatus 50 includes a magnet 
coil 51 and a cooling jacket 52, which are enclosed in a steel casing 53. The magnet coil 51 Is operatively con- 
nected to a power supply designated generally as 'magnet power* at 57 by means of signal flow paths 58a 

50 and 58b through insulated ports 59a and 59b, respectively. When tiie magnet power 57 Is activated, current 
flows through tiie magnet coll 51 and generates electiic and magnetic fields, as will be discussed furttier below. 

The cooling jacket 52 is preferably included, but tiie invention is not dependent tiiereon and should not be 
limited thereby. Where ttie cooling jacket 52 is provided, it is operatively connected to appropriate cooling 
means 57 via a coolant flow patti 58, which passes ttirough an Insulated port 59 in ttie chamber wall 10a, as 

55 shown in Figure 1 . As witti tiie cattiode, ttie cooling medium for the plasma enhancement apparatus is prefer- 
rably water. 

In a preferred embodiment, the casing 53 and its contents, namely, tiie magnet coil 51 and the cooling jacket 
52, generally take ttie shape of a cylindrical shell aligned generally coaxially witti the cathode axis, and having 
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an coil inner radius R2 as shown in Figure 9, as well as Figure 2. However, it cannot be overemphasized that 
the present invention is not limited by any particular shape of the plasma enhancement apparatus, and that 
any number of configurations may be used. 

The plasma guide 50 further includes a core member 60, which has a core outer radius R2 and nests within 
5 the coil inner radius R2 of the casing 53. The core member 60 defines an aperture 64 having a radius of 25.4 
mm, through which the majority of the plasma 40 travels. The core member may be constructed from a variety 
of materials, magnetic and non-magnetic, depending on the application. The axial thickness of the plasma guide 
50 is preferably 75.0 mm. Again, those skilled in the art will recognize that the invention is not limited to round 
cores or cores defining round apertures, but that various configurations will work and may be desirable for par- 
te ticular applications. 

According to a preferred embodiment, the core member 60 includes a first cylindrical shell 61, having an 
approximate axial thickness of 40 mm, and a second cylindrical shell 62, having an approximate thickness of 
28 mm. The first and second cylindrical shells 61 and 62 are separated by ceramic spacers (not shown) to co- 
operatively define a cylindrical shell vokJ 63, having an approximate axial thickness of 7 mm, therebetween. In 

15 this particular embodiment, the core 60, comprising the shells 61 and 62 and the spacers (not shown), are se- 
cured relative to the magnet coil 51 by friction fit Those skilled in the art will recogntee that other means are 
available to accomplish this task, and that the coil inner radius can be larger than the core outer radius. 

Those skilled in the art will recognize that the present invention would also function with a permanent mag- 
net in place of the electromagnet 51. In feet, a permanent magnet may be desirable once an optimal field 

20 strength has been determined because the use of a penmanent magnet eliminates a parameter from the process 
that would otherwise require control. Moreover, a permanent magnet configured in the shape of the core could 
be substituted in place of the electromagnet and the core. 

Currents of up to 70 Amps through the magnet coil produced a maximum field strength of 1 500 Gauss meas- 
ured along the magnet coll axis. The resulting magnetic fields are shown in Figure 2a, and the net emitted plas- 

25 ma stream 40 is shown in Figure 2. The plasma 40 tends to converge in a focus zone" 44, which is bordered 
by the void 63 and extends a distance along the axis of the plasma enhancement apparatus 50. The effects of 
this convergence or focusing of the plasma stream 40 are explained In greater detail below. 

Experimental Results for First Core and Titanium Cathode 

30 

Using a titanium cathode in a nitrogen atmosphere, an apparatus configured according to the preferred 
embodiment described above (and illustrated in Figure 2) was operated within a Langmuir probe experimental 
system. The substrate was coaxialty positioned relative to the face of the titanium cathode, and at a distance 
of 375 mm. The substrate, which was 12.7mm in diameter, was recessed Into a ceramic fixture. A grounded 

35 shield 1 .2mm thick with an aperture of 1 1 .87mm was placed 1 .0mm in front of the substrate. 

Plasma emission was monitored through an observation tube aimed to intersect the symmetry axis 375mm 
in front of the cathode. Light from the emission was transmitted through a quartz window, through a quartz fiber 
optic cable to the input slit of a 0.5m Ebert-type Jan«l-Ash scanning monochrometer. The nrionochrometer was 
sensitive in the range 230-990nm with a resolution of less than 0.1 nm, and the acceptance angle was 4^ De- 

40 position rates on the substrate were determined using a microbalance with a repeatability of 20mg. The average 
surface roughness was measured with a Dektak profilometer. 

The cun-ent was initially set to create a magnetic field strength of 890 Gauss, the nitrogen pressure at 
20mTorr, the cathode cunnent at 40 amperes, and the substrate bias at -80 volts. For the conventional arc ex- 
periments the plasma guide was removed and the cathode to sut)Slrate distance was 300mm (tiie difference 

45 being the length of the plasma guide 50). 

Substrate cun-ent was measured as a function of applied voltage across the substrate, and as a function 
of magnetic field sti-engtti, and the results are shown in Figure 4. A voltage-current curve for the conventional 
arc under similar conditions is also shown for reference. In Figure 4, positive ions collected by a negative voltage 
are shown as a positive current and electrons collected by a positive voltage are shown as a negative current. 

60 it can be seen that the positive ion cunnent saturates at negative voltage. The saturated ion current increases 
with increasing magnetic field strengtii at a rate tiiat is neariy linear until a magnetic field strengtti of approxi- 
mately 890 Gauss. Above 890 Gauss, the saturated ion current stays approxinnately tiie same. Those skilled 
in tiie art will recognize that tiie experimental results shown in Figure 4 indicate that use of the plasma enhance- 
ment apparatus generates more plasma and at higher energy levels, as discussed further below. 

55 The saturated cunrent collected at a negative bias is primarily due to tiie flux of titanium and nitrogen ions 
entering the sheath separating the plasma from tiie substrate. The application of a magnetic field in a plasma 
optics system can have a significant effect on ion flux levels, as has been previously shown in tiie art. The in- 
crease in ion flux is a result of plasma focusing and tiie creatton of additional ions through electron impact ion- 
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ization. The motion and density of electrons In the magnetic field greatly increases the probability of electron 
parttele collisions. As recognized by those skilled in the art, the probability of electron molecule inelastic colli- 
sions is proportional to the square of the magnetic field strength. If these collisions are energetic enough, ex- 
citation, dissociation of molecular species, and ionization can occur. 
5 Electron energy was estimated from the positive current in the negative potential region before ion satur- 
ation using a method known in the art. and the electron temperatures are listed below in Table A. 



Table A 



10 Magnetic Field kTe n -Vf 

(Gauss) (eV) (X10**^cm-^) (V) 

0 2.5 + 1,5 1.0 + 0.4 

335 6.0 + 1.5 .80 ± .15 5.8 +0.4 

,5 670 10.0 ± 1.5 1.01 ± .26 8.9 + 0.4 

890 12.0 + 1.5 1.48 + .32 5.5 ± 0.4 

1450 25.0 + 2.0 1.66 + .32 2.5 + 0.4 



The results show tiie electron temperature increasing nearly linearly with magnetic field strength to a max- 
20 imum of 25 eV at 1450 Gauss. Listed below in Table B are the ionization and dissociation threshold energies 
for the plasma species present in this experiment 



Table B 

Ionization Threshold (eV) 

15.6 
6.8 
14.6 

Dissociation Energy leV) 
N 9.9 

35 

These results indicate that electrons at higher magnetic field strengths are more than energetic enough to 
dissociate and ionize other species. The electron temperatures calculated here are for electrons in the vicinity 
of the substrate traveling perpendicular to the substrate. Bectrons in the plasma guide doser to the cathode 
probably have much higher temperatures. This is indicated by the intensity of the plasma emission coming from 
40 this area. 

Table A also lists the plasma density n, and the floating potential Vf as a function of magnetic field strength. 
The plasma density was calculated from the electron temperature kTe, the saturated ion current, and the aver- 
age charge per ion. The floating potential was measured directly, and the plasma potential can be roughly es- 
timated from the saturation point of the negative current curves, as will be recognized by those skilled in the 
45 art 

Emission spectrometry was used to detect and identify species present in the plasma over the wavelength 
range 230-900nm. The Intensity of light of a particular wavelength is a reliable Indicator of the presence and 
intensity of a particular atom or ion. Plasma emission was monitored at the same distance as the Langmuir 
probe, with the Langmuir probe removed. Measurements were made as a function of magnetic field strength 

50 and nitrogen pressure. The results, which are presented graphically in Figures 5a and 5b, show the presence 
of ionized and excited titanium and significant amounts of Ionized and excited molecular and atomic nitrogen. 
This is in contrast to the conventtonal arc process where molecular nitrogen emission intensity Is relatively weak 
and atomic nitrogen emission is not present at all. 

Emission from decaying Ti, Ti+, N2. N2+, N, and N+ species was observed. Emission from Ti^* and 

65 lines were not identified. Figure 5a shows the variation in emission intensity with magnetic field strength for the 
strongest Ti, Ti+. N2. Na-i-. N and N-t* lines. All lines are strongly influenced by magnetic field strength. In Figure 
5a, it can be seen that there is an especially strong associatton between the intensity of emission of nitrogen 
species and magnetic field strength. The presence of N2, N2+. N and N+ emissions which Increase nearly lln- 
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early with magnetic field strength indicates that electron impact excitation, dissociation, and ionization of nitro- 
gen is occuning. The excitation thresholds for these emissions are 1 1.1, 18.7, 12.0 and 20.7 eV respectively. 
Electron temperature estimates made firom the Langmuir probe experiments show that electron temperatures 
exceeding these exdtatlon thresholds are reached. 

5 All nitrogen emissions including N2+. N2, N+ and N peak in the magnetic field strength range of 900 to 1 200 

Gauss. The rapid decline in N2 emission intensity and saturation of N2+ emission intensity may be the result 
of nearly complete dissociation and ionization of N2. These emission features also correlate with the behavior 
of the Ion and electron saturation currents described in the langmuir probe experiments at the same conditions. 
. The saturation currents Increase lineariy with increasing magnetic field strength and then pealc In the same mag- 

10 netic field strength range of 900 to 1200 Gauss. 

The Tk. and Ti emission lines as shown in Figure 5a, increase rapidly up to 335 Gauss, above which the 
emissions level off. From 0 to 335 Gauss, the steep, nearly linear increase In the titanium emissions is probably 
due to plasma focusing and electron Impact Ionization. The abrupt saturation of the titanium emission lines at 
335 Gauss conrelates to an electron temperature of approximately 6eV (based on previously reported results) 

15 which is dose to the ionization threshold of titanium. The abrupt saturation of the titanium emission lines n^y 
be the result of neariy complete ionization of titanium. The presence of the excited titanium emission line which 
Imitates the behavior of the ionized titanium emission line at a lower intensity Is probably due to three body 
electron recombination as described below. 

Figure 5b shows the variation In emission Intensity with nitrogen pressure at a constant magnetic field 

20 strength of 890 Gauss for the same emission lines as in Figure 5a. The characteristic features of this graph 
are similar to those done with the conventional arc (0 magnetic field strength). The most notable difference Is 
the high intensity of the nitrogen emission lines. Between 0 and 15mTorr, the increases in the nitrogen and 
titanium emission may be attributable to charge exchange reactions of the type Tn"* + N2 -> Ti(«- i)*+N2+. 
It is believed that the rapid decrease in the Intensity of the N2+ emission above 15mTorr occurs because 

25 the initially high energy of Ti^^ species is tost in collisions with nitrogen and falls below the 14.0eV threshold 
energy needed for this reaction to occur. The Ti-^ to TI reaction does not occur because it requires an exces- 
sively high Ion threshold energy of 32.3eV. 

In the region above ISmTorr, the behavior of the Ti't- and Ti emission can be atbibuted to the three body 
reaction Tl^ + e » N2 -> TIC*- -f N2. The probability of this reaction increases with increasing nitrogen con- 

30 centration. This is shown in Figure 5b by the decline of the Ti+ emission accompanied by a rise in the TI emission 
and the decline of both species above 40mTonr. 

These results and observations indicate that In the magnetic field of the enhanced arc apparatus, electron- 
partide cdllslons result in significant exdtatlon, dlssodation, and Ionization of titanium and nitrogen species. 
In addition to the inelastic electron-partide collisions, charge exchange and three body reactions typical of the 

35 conventional arc are still occuning. Based on the results from the Langmuir probe and the emission spectro- 
metry and the logical interpretations thereof, it appears that the number density of nitrogen ions to titanium Ions 
and the resulting contribution of nitrogen ions to the Ion flux on a subsb-ate is significant This is In contrast to 
the conventional arc process where nitrogen ions contribute a very small amount to the cunant on a substrate. 
Finally, a direct comparison of the emission Intensity of the N2'*', N2, T\*, and TI lines studied here showed 

40 that emissions in the conventional arc system were only 2.3, 1 .3, 25 and 1 1 percent respectively, of the emis- 
sions in the enhanced arc system under the same operating conditions. This supports the oondusion that sig- 
nificant enhancement of titanium and nitrogen excitation and ionization is occurring in the enhanced arc system. 

The vapor being deposited on the substrate was found to be 100 percent ionized using a recognized ion 
exdusion method. The ionized fraction of the vapor impinging on the substrate was determined by comparing 

45 the deposition rate while exduding ions, to the deposition rate when ion deposition was allowed. Although the 
graphs of Figures 5a and 5b indicate that some amount of nitrogen and titanium atoms are present during the 
deposition process, it is believed that this is not tiie case at eittier the convergence zone or the substrate. Rath- 
er, it appears that some limited "recombination" of partides occurs in transit between the convergence zone 
of the plasma stream and the substrate. 

50 Ion deposition was done at a magnetic field strength of 890 Gauss for 30 minutes. Ion exdusion deposition 
was done at tiie same parameters, except a screen witti a transparency of 0.903 was placed 1cm in front of 
ttie substrate and biased at -1 OOV to cdlect ions. A Debye sheath surrounding the wires enhances the effective 
ion stopping power of the screen. The substrate was also biased at -t-dOV to repel any ions tiiat made it through 
tiie screen. 

55 The result was no gain In mass when ions were exduded from deposition. No measurable amount of neutral 
macropartide flux was included in film deposition. Ionization percentages of 68 to 83 percent in ttte conventional 
arc process reflect primarily the deposition of macropartides. No mass gain under ion exclusion deposition con- 
ditions supports ttie conduslon that 1 00 percent of ttie vapor is ionized In ttie enhanced arc process. 
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The average charge per ion was found to be 2.08± .28e. The average charge per ion was detemnined from 
the deposition rate and the collected ion charge on a substrate. The deposition rate was measured in mass 
gained per second per area on a substrate clamped in a fixture exposing a deposition area of 3.23cm2. Due to 
gas scattering, the area increased to approximately 3.53cm2 at 20mTorr. 

5 The collected ion charge was detenmined using a value of ion current density obtained from the Langmuir 
probe system for the same parameters used in deposition. The substrate temperature was less than 220''C 
throughout deposition. The atomic ratio of nitrogen to titanium In the film was detenmined using XPS. 

The average charge per ion was detenmined assuming that the nitrogen mass contribution to the film was 
from ionized molecular nitrogen. (i.e., the ion flux producing the film includes nitrogen ions as well as titanium 

10 ions.) This is in contrast to the conventional arc process where the average charge per ion determined assuming 
the nitrogen ion contribution is negligible. In the present experiment if the nitrogen ion contribution is discount- 
ed, the calculated average charge per Ion Increases by almost 300 percent The nitrogen flux is also assumed 
to come from Ionized molecular nitrogen. If the Ionized nitrogen flux is composed of 10 percent Ionized atomic 
nitrogen (a reasonable estimate considering emission spectrometry results) the average charge per ion would 

15 be reduced to 1.79e. 

The average charge per aniving atom is also a product of the stiddng coefficient of the Ions to the substrate. 
A stiddng coefficient of 0.9± 0.1 was used, which is for low energy metal aton^ impinging surfaces to which 
they have a high affinity. An acceleration of the ions and the presence of impinging nitrogen Ions In the enhanced 
arc system may lower the sticking coefficient somewhat The error in the average charge per ion primarily re- 

20 fleets uncertainties in the sticlclng coefficient and In the stolchiometry. 

Using conventional arc deposition techniques at 20mTorr. the average charge per ion is approximately 
1.6e. The 2.08e achieved with the present invention reflects higher ionization levels and percentages In the 
enhanced arc system. This value was also found at neariy twice the distance and half the cathode current used 
In detemfiining the conventional arc data. At similar parameters the average charge per Ion calculated here prob- 

25 ably would increase further. 

Figure 6 shows the variation in surface roughness of the coating deposited on the substrate as a function 
of magnetic field strength. The zero magnetic field strength value was obtained with the conventional arc system 
(i.e., no plasma enhancement apparatus). High speed steel substrates (polished to approximately 150 Ang- 
strom finish) were placed 225mm In flront of the cathode, and films were deposited for 1 5 minutes. The average 

30 surface roughness was measured before and after film deposition and the difference plotted in Figure 6. 

It can be seen in Figure 6 that the average surfece roughness decreases rapidly down to a minimum of 80 
Angsbx>ms at 1450 Gauss magnetic field strength. SEM analysis of the surfece for the film deposited at 1450 
Gauss showed neariy no macropartldes. SImilaily, the film deposited at 890 Gauss also showed very few mac- 
roparticles. The small increases In average surface roughness of the samples deposited at 890 and 1450 

35 Gauss, which can be seen as smaW ripples on a micrograph, are due primarily to etching from ion bombardment, 
which is indicative of the Hall acceleration of the ions in the magnetic field. 

The reduction and elimination of macropartldes in the enhanced arc system can be attributed to one or 
more of four effects. One effect Is due to geometry and has been previously recognized by those skilled in the 
art Macropartldes leaving the cathode in the enhanced arc system at less than 55"* flrom the cathode surface 

40 will collide with the plasma guide, and a large percentage of the macropartldes typically leave the cathode at 
angles of less than SO"". While such "shielding" of macropartides is inherent In the structure of the present In- 
vention, the effectiveness of the present invention is attributed primarily to the elimination of macropartides by 
focusing the plasma stream; the difference being tttat the present Invention, In effect "recydes" the macropar- 
tides. 

45 A second effect is due to the modification of ttie arc discharge in the magnetic field enhanced by the present 
invention. The plasma enhancement apparatus creates nr^gnetic fields that facilitate rapid movement of the 
arc across the cathode surface, resulting in a distinct reduction in the amount of melted area around the arc 
cratere on the cathode, which are typically a source of macropartides. Splitting of the arc into multiple cathode 
spots also occurs in the enhanced magnetic field, resulting In lower current densities and less melting of ttie 

50 cathode surface. SEM analysis of the surface of the cathode used in tiie enhanced arc system showed a distinct 
reduction in the anrK)unt of melted area and smaller crater sizes on average in relation to a cathode used in the 
conventional arc system. 

A ttiird effect Is a result of catiiode "poisoning," as fewer and smaller macropartides are produced from a 
cathode having a nitride surface. The production and confinement of large numbers of nitrogen Ions in tiie v^ 
55 cinity of tiie cathode in tiie enhanced arc system contributes to the nitriding of tiie cathode surface. This is shown 
by an increase in the yellowing of the cathode after having been used In the enhanced arc system as compared 
to a cathode subjected to conventional arc techniques. 

A fourth effect is a result of the evaporation of macropartides by collisions with electrons. The dense en- 
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ergetic electron conditions in the convergence zone generated by the plasma enhancement apparatus are a 
likely explanation for the large reduction in macropartides with increasing magnetic field strength. 

The enhanced plasma optics system of the prevent invention increases the ionization and energy of the 
flux Impinging TiN films during deposition. Inelastic collisions with energetic electrons in the strong confined 

5 magnetic field of the apparatus results In an increase in tfie excited and Ionized species density. Dissociation 
and ionization of nitrogen and the resulting contribution of nitrogen Ions to tiie plasma flux is especially apparent 
The average charge per ion at the substrate is increased over the conventional arc case to approximately 2.1 e. 
The ionized fraction of the vapor Is also Increased to 100 percent in the convergence zone and proximate the 
. substrate; the neutral vapor and macropartide contribution to mass gained at the substrate was measured to 

io be zero. Accordingly, deposited fflms are nearly free of macropartides. 

Altemative Plasma Enhancement Apparatus 

Figure 3 shows an altemativiB embodiment of a plasma guide 50* according to the prindples of the present 

15 invention. The plasn^ enhancement apparatus 50' of Figure 3 Is similar in detail to that of Figure 2 with the 
substitution of core 80 for core 60. The magnet coil 51 ' has an outer coO radius R3' of 45mm and an axial thick- 
ness of 100 mm. Core 80 indudes a plurality of cylindrical shells 81a-81e, each having an approximate axial 
thickness of 5.0 mm. Each of the cylindrical shells 61a-81e rests on a ceramic spacer (not shown) to define 
cylindrical shell vokls 82a-82e, each having an approximate axial thickness of 12.0 mm. In this particular em- 

20 bodiment, the core 80, comprising the shells 81a-81e and the spacere (not shown), are secured by bolts (not 
shown) to the magnet coil 51 . 

A cun-ent tiirough tiie magnet coil 51 generates the magnetic fields shown In Figure 3a, and the net emiteted 
plasma stream 40' Is shown In Figure 3. The operative effect of the core 80 is to create a nnagnetic field witii 
a "longer" axial fbcus zone 44', through which the plasma stream 40' passes. The "path lines" 40a' and 40b', 

25 defining the general path of the plasnr^ 40, represent ttie "effective magnetic field" generated by ttte core 80. 
In addition to enhancing the evaporation, transportation, and deposition of the plasma, the present Inven- 
tion facilitates the selection and substitution of varied core configurations in order to create magnetic fields of 
varied magnitude, shape, and axial focal lengtii, acconxxiating various deposition applications and the use of 
widely differing source materials. Just as the firet core 60 is deemed suitable for use in conjunction with the 

30 titanium cathode 15, the second core 80 is deemed well suited for use in conjunction with a graphite cathode 
75, as explained below. In fiact, use of the second core 80 in the manner set fortti below produces diamond- 
like coating films that are virtually free of hydrocarbons. 

Experimental Results for Second Core and Graphite Cathode 

35 

Using a graphite cathode In a controlled partial pressure hydrogen atmosphere, experiments were con- 
ducted witti an apparatus configured according to the preferred embodiment described above (and Illustrated 
In Figure 3). The high purity graphite cathode had the following characteristics: 
Grade: Pooo SFG-2 
40 Density: 1.8 gms/cm® 

Pore Size: 0.2 um 
Partide Size: 1 um 
Purity: 5 ppm. 

The cathode 75 was arranged coaxially In relation to the magnet coll 51 , whtoh is 90mm in dianneter and 1 00mm 
45 tiiick (measured axially). The DC current supplied to the magnet coil 51 was controlled for producing an axial 
magnetic field with a strengtii varying in magnitude from 0 to 1000 Gauss. The shape and the fringing effect 
of the lines offeree can be optimized by the magnetic core pieces 81a-81e positioned inside the plasma en- 
hancement apparatus 50'. The woridng vacuum during arc evaporation was around 10-6 Torr. Hydrogen and 
argon gases were metered by conventional Tylan mass flow controllere, tiie pressure measurement was per- 
60 fbnmed by means of a MKS baratron transducer, and the substrate temperature was determined using an in- 
frared optical pyrometer. 

The experiments were conducted with substrates made of polished high speed steel, WC, and silicon. After 
having been tiioroughly degreased in organic deaning the samples were pressed onto a water cooled stainless 
steel substrate holder. Before the coating phase, the substrate(8) were subjected to an additional deaning by 
55 igniting a Hydrogen/Argon glow discharge at reduced partial pressure of about 10 to lOOmTorr at a bias voltage 
of -1 OOOV for 10 minutes. This plasma etching phase was found to be important for conditioning the substrate 
surface prior to deposition and for improving the adhesbn of the carbon layers. It is believed that the preparatory 
high energy bombardment of tiie substrate impregnated the substrate with cart)on spades, and ttius, solved 
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previously encountered problems In getting the cartxin film to nucleate on the substrate 

The deposition conditions used with conventional and niodifled arc source for carrying out the cartx>n filnrts 
are summarized in Table C. 

Table C 

Summary of Graphite Arc Evaporation 

Experimental Conditions 

Modified Conventional 
Arc Source Arc Source 

Sample A Sample B Sample C 

Substrate HSS Silicon WC 

Evaporation Current 50 50 50 

Ic (A) 

Substrate Voltage -50 -50 -150 

Us (V) 

Magnetic Field 500 500 0 

B (Gauss) 



Gas Used Ar None 

Coating Pressure 25 mTorr 25 mTorr 10-6 Torr 

^ Film Thickness 2.5um Itim 0.5um 

The hardness of the coatings was measured by using a Vickers microhardness tester. The adhesion 
strength of the films deposited on the different substrates was tested with a VTT scratch tester. A Macbeth col- 

35 orimeterwas used to express the optical reflectance behavior of the deposited carbon lawyers. The morphology 
of the carbon layers was observed by using a Scanning Electron Microscope and their surface roughnesses 
were quantified by a Dektak 1 1 A profilometer. The structure and the chemical bonding of the films were ana- 
lyzed by Raman and Fourier Transforms Infrared spectroscopy. 

In order to define the effect involved In evaporating graphite cathodes, a first attempt was made to deposit 

40 carbon films using conventional arc process conditions, similar to those normally used with a titanium cathode. 
The arc current Intensity was set to 50 A and the substrate DC bias voltage during the coating phase was es- 
tablished to approximately -150V for keeping constant the sample temperature at ISO^C. No gas support was 
used during the course of the 30 minutes experimental cycle. A substrate current of 2.5 A. as well as a voltage 
drop Uc across the discharge space of 20V, were measured. 

45 As expected in view of previous efforts of this nature, the carbon arc discharge exhibited a "monospotf at 
the cathode surface. This quasi-stationary spot mowed very slowly along the edge of the cathode, with a velocity 
of less than 1cm per second. Furthermore, the glow emitted from the discharge was very bright and the heat 
transfer to the substrate was significant The plasma flux generated by carbon arc evaporatton exhibited a high 
kinization degree reaching a maximum value of 70 percent. This agreed with previously documented results, 

so which show a correlation between the degree of ionizatk)n and the cathode material boiling temperature (which 
is 4500k for carbon material). Those skilled in the art will recognize that carbon demonstrates a negative re- 
sistivity for temperature below lOOO^'K, which might explain the slow arc motion at the cathode surface and its 
tendency to preferentially locate where the carbon resistance is the lowest This feature seems to lead to the 
observed arc instability and short discharge lifetime, which require frequent re-triggering of the cathode. The 

55 above-mentioned effect also tends to generate a large number of Incandescent carbon particles ejected simul- 
taneously with the Ionized plasma stream. As was expected, the HSS substrate held at a 150mm distance from 
the carbon source exhibited a powdery graphite coating having a very poor adhesion. SEM observation of the 
film surface, revealed substantial defects, which are due to the unstable conditions of the conventional arc evap- 
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oration, leading to macioparticle ejections and low quality deposition. 

When the magnetic field, induced by the magnet ooil 51 of the plasma enhancement apparatus 50, was 
activated, the random trajectory of the cathode arc spot was no longer displayed. The spot seenrts to be steered 
to the surface center of the carbon cathode, where the lines of force of the magnetic field are substantially per- 

5 pendicular to the cathode, and its axial component Bz is maximum. However, under a residual vacuum condition 
of 10-6mTorr, the arc discharge was stilt unstable and the cathodic spot was extinguished by the magnetic field 
when its value exceeded several hundred Gauss. To sustain a very stable evaporation, a gas support partial 
pressure of argon or hydrogen with a minimum value of 5mTorr must be set during the process. The arc dis- 
charge obtained In this stable condition displayed an arc column contraction and a bright gas glow discharge 

10 spot located in front of the cathode. These effects lead to an Increase of the cathode temperature resulting in 
the Improvement of the discharge lifetime and the reduction of the observed emission of incandescent carbon 
macropartides. Furthenrore, when the magnetic field Is applied, augmentation in the voltage drop Uc across 
the discharge space to 40 Volts was measured for a 50 A arc current intensity. 

Figure 7 shows the magnetic field Influence Induced by the magnet coll 51 on the total ion current collected 

IS as the plasma exited the plasma enhancement apparatus 50 as a function of the substrate bias voltage applied. 
The saturation ion current measured by setting a 500 Gauss magnetic field is much higher than that obtained 
with a conventional arc discharge, when no external magnetic field is used. The saturation current measured 
with a 80mm diameter probe at the plasma exit point is 5 A. corresponding to two times the total ion current 
collected with conventional arc discharge. 

20 The curves presented in Figure 8 demonsb^te the influence of the magnetic field strength vereus the sat- 
uration ion cun-ent collected by a -1 50V biased probe, when the arc discharge is established at 25mTorr partial 
pressure of argon or hydrogen gas. As illustrated in Figure 8, the Increase of the magnetic field leads to a rise 
of the total saturation current collected. Both measurements performed with argon or hydrogen gas display sat- 
uration effect for a magnetic field value of around 500 Gauss. The results illustrate the result of focusing the 

25 plasma with the magnetic field. The axial component Bz of the magnetic field with the azimuthal Hall cunrent J 
flowing through the plasma, generate a radial force Fr = J.Bz (Lorrentz force) focusing the plasma stream along 
the plasma guide. This effect results in magnetization of the electrons involving an increase of the electron- 
molecule and ion-molecule interaction probability and leading to further excitation and Ionization of the plasma 
flux species. An additional consequence of the magnetic field on the plasma stream Is an increase in the aver- 
so age ion energy, as measured by a multi-elecbt>de electrostatic probe in vacuum condition as a function of the 
magnetic field strength. This effect is the result of radial component Br of the field which produces an acceler- 
ation force Fz - J.Br on the plasma stream leading to higher energy of the carbon ions. These different exper- 
imental observations and results suggest that the enhanced arc apparatus improves the carbon are discharge 
by increasing the total Ion fiux collected by the substrate and controlling the Ion energy of the plasma stream. 

35 The hardness of the carbon films deposited at a bias voltage of -50V. on high speed steel (sample A) and 
silicon (sample B) substrates was measured by using a diamond microhardness technique and applying loading 
forces in the range of lOgf to 400gf. In this test the film thickness was measured as 2.5um for sample A and 
1 um for sample B. The Indent diagonal length was confirmed by SEM observation and the film hardnesses were 
calculated using the relation HV = 0.1891 F/d2. which had been previously employed for determining the film 

40 hardness of a diamond-like coating. Viewing the hardness of the different films as a function of load increases 
from lOgf to 400gf. the hardness value discrepancy measured for heaviest load, between film A and B. seems 
to be due to the thickness difference of the films and the substrate hardness inequality. The hardness of the 
film B deposited on silicon measured with a 400gf exhibits a value of 1100HV greater than silicon hardness 
value of 800HV. No hardness measurements for loads less than 25gf were analyzed because the hard nature 

45 of the film leads to a too small indent size. However, average hardness of 2600 HV and 5200 HV with respec- 
tively 50gf and 25gf load have been measured for both samples A and B. 

Using SEM surface topography analysis, the carbon films deposited by the modified arc process of this 
invention on high speed steel substrates are very smooth compared to conventional arc results. Fewer mac- 
ropartides (maximum diameter s 500 A) and surface defects can be observed, and measurements taken by 

50 a Dektak II A profilometer confimn this obsen^atlon, as both samples A and B had an Ra equal to 0.02um. 

Furthenmore, SEM examination of the fracture cross section of the carbon film deposited on sample A ex- 
hibits a very dense and anwrphous structure without columnar growth. The amorphous film unifonntly follows 
the substrate surface and displays a very good adhesion level. No adhesive faOure was observed at the film 
substrate interface. 

55 In order to check the adhesion level of the test films, the adhesion strength was measured by saatch test 
method. For film A the acoustic Intensity increased until reaching the lower critical limit of adhesion at Lc - 22N, 
while the adhesive feflure of the coating at the interface is gh^en for an upper critical load of 35N. For the SI 
substrate, the lowest value of the lower critk:al load was 15N. while a higher value of the upper critical load of 
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42N was measured in comparison to sampie A. Furthenmore, the film B exhibits a higher acoustical signal am- 
plitude compared to film A. The results from the scratch test correlated to SEM okiservation of the scratch coat- 
ing failures, showing that film A scratch mark exhibited more coating chipping than film B. Because of the dif- 
ferent natures of the substrates and the film thickness discrepancy, a comparative result is very dHficulL Nev- 

5 ertheless, the critical loads measured for the various substrata, and in particular high speed steel, were prom- 
ising for carbon films on such materials. 

To assess the nature of the carbon film deposited by enhanced arc technique, the films obtained under 
hydrogen and argon partial pressure respectiveiy on silicon and high speed steel substrate were analyzed by 
Raman spectroscopy. Under a 25mTorr partial pressure of hydrogen at room temperature, the Raman spectra 

10 of a carbon filmed produced on a silicon substrate is quite typical of DLC films produced by ion beam method. 
It presents only a diffuse peak at wave number of 1550 per cm and a very weak peak at 1350 per cm. The G 
peak at 1 550 per cm con-esponded to the graphite crystal structure, while the D peak at 1 350 per cm was char- 
acteristic of defective graphite structure or crystalline structure. 

The Raman spectra of carbon films deposited onto high speed steel substrates under argon partial pressure 

15 conditions was quite odd. The main peak, the G peak, was located at a wave number of 1 560 per cm while the 
D peak centered at 1 350 per cm always very broad in conventional DLC films was in this spectra weaker than 
previously observed under hydrogen conditions. The relatively high energy level exhibited by ttie G peak lead 
to an asymmetry of the spectra which is characteristic of amorphous non-hydrogenated DLC films. These re- 
sults seem to indicate that the structure of carbon films depends on ion energy involved during their nudeation 

20 and growth and on the level of hydrogen contained in the film. Because the carbon film structure is influenced 
by ttie state of the carbon chemical bonding, analyses have been canied out by Fourier Transforms Infrared 
Spectroscopy. As expected, ttie FTIR absort>ance spectra of tiie film deposited on high speed steel substrates 
(Sample A) demonstrated the absence of C-H stretching absorption mode at the wave number of 3000 per cm 
which Is a relatively reliable indicator that tiie DLC film deposited contains no hydrogen. This feature is different 

25 in the FTIR spectra observed for the DLC film deposited on sample B under hydrogen partial pressure. 

The deposited films under DC bias voltage with argon and hydrogen partial pressure conditions exhibited 
a grey black color expressed by Macbetti color measurement as the following: 
Sample A L* = 60.88 a* = 0.37 b* = -1.55 
Sample B: L« 55.90 a* = 0.22 b* = -0.54 

30 Also, reflectance curves showed that the optical reflectance did not exhibit a smooth curve, but instead 
oscillated between maximum and minimum, having an Increasing amplitude as the wavelength increased. This 
phenomenon seems to result from the optically transparent nature of ttie aro deposited DLC films. The incident 
light beam is reflected by botii the alr/fDm and film/substrate Interfaces. The optical effect resulting leads to gen- 
erate constructive and destructive interferences, indicated by the maximum and minimum reflectance meas- 

35 ured. This phase difference is dependent on the film thickness and the refracth^e index of the film and also of 
ttie substrate. If ttie film were optically opaque, the incident light would not reach the film/substrate interface 
and thus no Interference would occur. However, because ttie fSms are neither totally transparent or opaque, 
the degree of constructive/destructive Interference will depend on the amount of light absorbed by the film. The 
experimental results indicate that ttie film becomes more absorbing at low wavelength when ttie amplitude be- 

40 tween maximum and minimum decreases. The films display a relative transparency in the near visible infrared . 
range with a maximum absorbance peak at 660nm for film A and 560nm for film B. However, the reflectance 
in ttie 400-500nm region being slightiy higher indicates ttie bluish dark appearance of ttie film in ordinary light 
previously exhibited by the b* color value of the films. 

The plasma enhancement apparatus magnetically confines the arc discharge at the carbon cathode sur- 

45 face. The magnetic arc constraint leads to a better spot stability and allows a longer discharge lifetime. Optimal 
evaporation conditk>ns were achieved when the axial component of ttie magnetic field Bz was maximum at the 
center of the cathode surface. The maximum magnitude of the axial field was obtained with lines of force con- 
finement induced by optimal position of magnetic core pieces according to the embodiment shown in Figure 
3. The glow discharge spot produced in the vicinity of ttie cathode surface indicates an increase of excitation 

50 and ionlzatk)n of the plasma flux leaving the cathode surface. This enhancement of electrons in this regk>n is 
believed to contribute significantiy to ttie acceleration of ttie cart>on ions. The second important effect of the 
magnetic field occurs during the plasma stream transport, where a confinement of ttie plasma to a focused beam 
of 20mm In diameter can be observed. The ion losses by diffusion are reduced, and the plasma flux and the 
k)n current density collected at tiie plasma guide exit are considerably increased. An additional consequence 

55 of ttie focusing effect is the increase of the collisional process during ttie plasma stream transport, which Is 
believed to be responsible for the reduction of the carbon macropartides by evaporative phenomenon. 

The plasma enhancement apparatus enhances ttie excitation and ionization level of ttie plasma and ac- 
celerating the ions to higher energy. Also, the structure and ttie chemical bonding of ttie oondensated films may 
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be controlled or affected by adjusting the condensation conditions, such as the Ion current density and the ion 
energy. With the carbon arc evaporation technique, the level of energy for DLC films nudeation and growth is 
gained front the kinetic energy of the ions impinging the substrate. Also, an ideal carbon Ion energy for DLC 
deposition must reportedly be in the range of several tens of electron volts, higher than the binding energy of 

5 the carbon atoms and lower than the threshold energy leading to crystal defect (60ev). In addition to the cart>on 
ion flux, the experimental results Indicate that the use of argon gas results in argon ion bombardment of the 
film surface and sputtering of the graphitic constituent of the film. 

The carbon Ion energy is an important parameter because It affects the film evolution in different ways. It 
. contributes to manage the adhesion and stress level of the film, to Increase the sp^ hybridized carbon and con- 

10 centration of unprotonated quaternary cartx)n which appears to control the mechanical properties of the DLC 
films. It is understood that using the plasma enhancement apparatus of the present invention, the Impinging 
carbon ion energy is easOy manageable by varying the bias voltage applied to the substrate. 

Additional Applications 

15 

Vapor deposition of titanium and cart>on as described above constitute only two examples of ttie utility and 
application of the present invention. Those skilled In the art will recognize various additional applk:ations and 
modifications In view of tiie foregoing disclosure. For example, tiie core members need not be coaxial, nor even 
coplanar relative to one another. In fact, certain applications may require that a series of core pieces be aligned 

20 relative to one another in such a manner to define a curved plasma stream. Additionally, one or more of the 
core members may be mechanically driven to "spray" a relatively narrow plasma stream across a wkle area. 
Such an application may be desirable where a large object must be coated witii a very high density coating. 

Another attractive application Involves the coating of inner surfaces of tubes and the like, where ttie pen- 
etration of the coating material Into the tube Is a function of the diameter of the tube. The present invention 

25 makes it possible to generate and accelerate an Intense narrow beam of plasma, which will provMe greater 
penetration into tubular structures and the like. Such a narrow beam can be generated either by increasing the 
thickness of ttie core piece or pieces nearest ttie exit of the plasma guide or by adjusting the aperture defined 
by the core piece or pieces nearest the exit of the plasma gukie. On the other hand, for applications where It 
Is desirable to distribute a fine coating over a large area, as is the case witti many mass productton operations. 

30 the core piece(s) nearest ttie end may be thinner. 

For any given application, the core pieces comprising ttie core member can be varied in size, shape, nunv 
ber, and position (relative to one another, as well as the magnet) until a suitable configuration is achieved. Such 
"fine tuning" capability is facilitated by the structure of the present invention. Accordingly, white the present in- 
ventton has been described witti reference to two particular embodiments, various altemative embodiments 

35 and design optk)ns will be apparent to tiiose skilled In the art, and the present invention Is to be limited only 
by the appended claims. 



Claims 

40 

1. In an electric arc vapor deposition chamber, a plasma enhancement apparatus of a type that is positioned 
to act upon plasma generated from a plasma source before the plasma reaches a substrate to be coated 
by the plasma, comprising: 

(a) a magnet disposed about a magnet axis and defining a first aperture; 

46 (b) a core member disposed about a core member axis and at least partially nested within said first aper- 

ture, wherein said core member defines a second aperture, wherein the plasma enhancement appara- 
tus Is arranged and configured in such a manner tiiat the evaporated cathode source material passes 
from ttie cattiode source and ttirough said second aperture toward ttie subsb-ate to be coated by ttie 
evaporated cathode source material, whereby ttie plasma is conditioned by ttie plasma enhancement 

GO apparatus. 

2. A plasma enhancement apparatus according to dalm 1 . wherein said second aperture varies along said 
core member axis, and the evaporated cathode source material tends to converge toward said core mem- 
ber axis where said second aperture Is relatively large. 

3. A plasma enhancement apparatus according to claim 1 , wherein said core member defines a plasma con- 
vergence zone along said core member axis. 
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4. A plasma enhancement apparatus according to daim 1, wherein said core member includes a first cylin- 
drical shell and a second cylindrical shell coaxlally aligned along said core member axis, which shells de- 
fine a cylindrical shell void therebetween. 

5. An apparatus for perfonming electric arc vapor deposition, comprising: 

(a) a chamber defining a vapor deposition cavity; 

(b) evacuation means for evacuating said vapor deposition cavity; 

(c) a source material cathode having a plasma generating face exposed to said vapor deposition cavity; 

(d) elecbic arc plasma generation means for generating a plasma from said source material cathode; 

(e) a subsfa-ate. positioned witiiin said vapor deposition cavity arranged and configured to receive and 
to be coated with said plasnr^a; 

(f) plasma coating enhancement means, positbned between said source material cathode and said sub- 
strate, for enhancing tiie plasma coating of said substa-ate, comprising: 

(0 a magnet coll configured about a coll axis; 

(11) a core member nested witiiin said magnet coil, ooaxially aligned ttierewlth and defining a central aper- 
ture through which said plasnna passes from said source material cathode toward said substrate, and 
(ill) means operatively connected with said magnet coil for energizing said coll so as to produce a 
plasma convergence zone in said aperture along said core axis. 

6. The apparatus as recited in Oaim 5 wherein said core nrtember includes a plurality of core shells ooaxially 
spaced along said core axis and defining core shell voids between respective axlally aligned uses of said core 
shells. 

7. In an electric arc vapor deposition process suitable for perfonming vapor deposition on substrates witiiin 
an evacuated deposition chamber by means of a coating plasma fonmed by an electric arc passing be- 
tween a sacrificial coating source material cathode and an anode, the process comprising: 

(a) positioning a substrate to be coated witiiin the deposition chamber, 

(b) evacuating the deposition chamber, 

(c) Initiating and sustaining an electric arc between said sacrificial cathode source and said anode to 
create a coating plasma of evaporated source nfiaterial; and 

(d) creating a plasma convergence zone Intemnediate said cathode and said substrate, 

(e) directing said plasma through said plasma convergence zone; 

(f) conditioning said coating plasma within said plasma convergence zone to Increase Ionization of par- 
ticles within a said plasma and to remove macropartides from said plasma; and 

(g) directing said plasma from said convergence zone to said substrate. 

8. The method as recited In daim 7 wherein said conditioning step Is performed at least in part by magnetic 
fields generated wrtiiln tiie evacuated deposition chamber. 

9. The mettiod as recited in daim 8 wherein said conditioning step comprises: 

(a) generating a magnetic field within said chamber having flux lines passing through said cathode 
source material and toward said substrate; and 

(b) focusing said flux lines at a position Intemnediate said cathode and said substrate so as to create 
said plasma convergence zone disposed to intercept said coating plasma as It proceeds firom the cath- 
ode to the substrate. 

10. The method as recited in daim 9 further including the step of varying the length of said convergence zone 
in the longitudinal direction firom said cathode to said substrate. 

11. The method as recited in claim 9 wherein the magnetic flux lines are arranged generally symmetrically 
about an axis extending from tiie cathode to the substrate and wherein the cross-sectional area of said 
convergence zone is generally radially disposed about said axis. 

12. The method as recited in daim 11 further Including the step of conbcllably varying the intensity of said 
magnetic fleld sp as to controllably vary said cross-sectional area of said convergence zone. 

13. The mettiod as redted in daim 1 0, wherein the step of varying the length of said convergence zone coin- 
prises selectably changing the size and configuration of magnetic core pieces of that apparatus used to 
create said magnetic field. 
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FIG. 5a 
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